in the spinal cord after 5 daily intraperitoneal injections of amitriptyline or pregabalin in rats with SNL.
R ecent studies have suggested a relationship between neuropathic pain and the endogenous pain inhibitory system. 1, 2 Patients with established chronic pain tend to present attenuated endogenous analgesia compared with pain-free individuals. 3 Endogenous analgesia in humans can be evaluated by measuring conditioned pain modulation. 4 In rats, conditioned pain modulation typically is assessed by the use of noxious stimulus-induced analgesia (NSIA). 5 The noxious stimulus in NSIA is subcutaneous injection of capsaicin, and the resulting endogenous analgesia is heterosegmental, in that antinociception can be observed at sites remote from the site of stimulation. 6 For example, capsaicin injection into the forepaw elevates hindpaw withdrawal thresholds in response to mechanical stimulation. 5 NSIA can produce analgesia equivalent to that of a high dose of morphine (10 mg/kg) and lasts approximately 1 hour. 6, 7 Recent studies have demonstrated that the descending noradrenergic system is involved in NSIA; capsaicin injection into the forepaw was shown to increase the noradrenaline level in the lumbar spinal cord, 5, 8 and NSIA was blocked partially by intrathecal injection of an α2-adrenergic antagonist and by ablation of the descending noradrenergic innervation of the spinal cord. 5 The brain-spinal descending noradrenergic system suppresses nociceptive signals from primary afferent neurons to the spinal dorsal horn, and the inhibitory system also plays an important role in neuropathic pain states. 9 Previous studies also demonstrated that the tone of the descending noradrenergic system changes over time after nerve injury. [10] [11] [12] Therefore, we hypothesized that NSIA is modulated by the plasticity of descending noradrenergic systems after nerve injury. Thus, the first purpose of this study was to examine the change of NSIA over time in a rat model of neuropathic pain induced by spinal nerve ligation (SNL).
Antidepressants, such as tricyclic antidepressants and pregabalin, are used as first-line drugs for treatment of neuropathic pain, 13 and previous studies demonstrated that the noradrenergic system is strongly involved in the analgesic effect of gabapentinoids [14] [15] [16] and amitriptyline 17 after peripheral nerve injury. Therefore, we hypothesized that amitriptyline and pregabalin also would modulate the effect of NSIA in SNL rats, and the second purpose of this study was to examine the change in NSIA and noradrenaline release BACKGROUND: Noxious stimulus-induced analgesia (NSIA) is a type of conditioned pain modulation in rats that has been used to assess endogenous pain control systems. The descending noradrenergic system is involved in NSIA, and nerve injury induces plastic changes of descending noradrenergic neurons. Thus, we hypothesized that nerve injury would affect NSIA strength and that amitriptyline and pregabalin, which often are used for treating neuropathic pain, might further modulate NSIA through effects on the descending noradrenergic system. METHODS: We examined the change in NSIA over time after right L5 spinal nerve ligation (SNL) in rats by measuring the contralateral hind paw withdrawal threshold after left forepaw capsaicin injection. In addition, we examined NSIA after 5 daily intraperitoneal injection of amitriptyline or pregabalin. Microdialysis studies were performed to measure noradrenaline levels after left forepaw capsaicin injection in the left spinal dorsal horn in noninjured rats, SNL rats, and SNL rats that had received 5 daily intraperitoneal injections of amitriptyline or pregabalin. RESULTS: NSIA was dramatically attenuated 5 and 6 weeks after SNL (P < 0.001). The noradrenaline level in the lumbar spinal cord was significantly increased in noninjured rats receiving forepaw injection of capsaicin compared with vehicle injection (P < 0.001), but not in rats 6 weeks after SNL surgery. Five daily intraperitoneal injections of amitriptyline (10 mg/kg/d) or pregabalin (10 mg/kg/d) at 5 weeks after SNL gradually increased the ipsilateral hindpaw withdrawal threshold (P < 0.001). At 6 weeks after SNL, amitriptyline, but not pregabalin, reversed the attenuation of NSIA by SNL (P < 0.001) and increased the spinal noradrenaline level after forepaw injection of capsaicin (P = 0.005). CONCLUSIONS: These data suggest that endogenous analgesia in neuropathic pain states is strongly decreased from a certain time after nerve injury and that amitriptyline reverses the attenuation of endogenous analgesia through effects on the descending noradrenergic system. (Anesth Analg 2016;123:504-10)
SNL
We used the L5 SNL model as an experimental model of neuropathic pain as described by Kim and Chung. 18 In brief, the animals were anesthetized with inhaled isoflurane in oxygen, and the right L5 spinal nerve was tightly ligated with 6-0 silk and cut just distal to the ligature.
Behavioral Test
Withdrawal thresholds were measured by testing of the withdrawal response to a noxious pressure stimulus (Randall-Selitto test) using an analgesimeter (37215; Ugo Basile, Comerio, Italy), as previously described. 19 A cutoff of 250 g was used to prevent potential tissue injury. All animals were trained for 3 days with the device before baseline values were recorded. Experiments with normal and SNL rats were performed separately. The experimenter was unaware of the drug and dose.
NSIA
NSIA was elicited by subcutaneous injection of capsaicin (250 μg in a volume of 50 μL) administered to the left forepaw during brief general anesthesia induced by isoflurane (2%) inhalation. The degree of analgesia in the left hind paw was assessed by withdrawal thresholds as described previously. At each time point, withdrawal thresholds were assessed twice on the plantar aspect of left hind paw, and the results were averaged. NSIA was assessed in normal rats and SNL rats. SNL rats were evaluated at 1, 4, 5, and 6 weeks after SNL surgery. Capsaicin was initially dissolved in Tween 80 (50%) and ethanol (50%) to a concentration of 50 μg/μL and then diluted with saline to a concentration of 5 μg/μL; the subcutaneous capsaicin injection volume was 50 μL (250 μg) in all experiments.
Effect of Amitriptyline and Pregabalin on NSIA
Rats received 5 daily intraperitoneal injections of amitriptyline (10 mg/kg/d) or pregabalin (10 mg/kg/d) from 5 weeks (35 days) after SNL surgery. The bilateral paw withdrawal threshold was measured every day 30 minutes before drug injection to evaluate the chronic effects of the drugs. At 6 weeks (42 days) after SNL surgery, NSIA was assessed as described previously. Amitriptyline and pregabalin were dissolved in saline and intraperitoneally injected at 10 mg/kg for 5 consecutive days from 5 weeks after SNL surgery. In the control group, saline (1 mL) was injected rather than amitriptyline or pregabalin under the same schedule. Amitriptyline was purchased from LKT Laboratories, Inc (St. Paul, MN), and pregabalin was donated by Pfizer Inc (Groton, CT).
Spinal Microdialysis
Microdialysis studies were performed to measure noradrenaline levels after left forepaw capsaicin injection in the left spinal dorsal horn as described previously. 20 Anesthesia was induced using 5% isoflurane and maintained with 1.5% isoflurane in 100% oxygen through a nose cone. The left femoral vein was cannulated for saline infusion (1 mL/h), rectal temperature was maintained at 37 to 38°C, and the Th12 to L1 level of the spinal cord was exposed. The microdialysis probe (outer diameter = 0.22 mm, inner diameter = 0.20 mm, length = 1 mm; A-I-8-01; Eicom Co., Kyoto, Japan) was inserted from just lateral to the dorsal root and advanced at a 20° angle to a depth of 1 mm and perfused with Ringer's solution at a constant flow rate (1 μL/min). After 120 minutes of constant perfusion, consecutive samples were collected to determine the basal noradrenaline concentrations in the dialysate. Capsaicin (250 μg) or vehicle (50 μL) was injected subcutaneously to the left forepaw, and 15-minute perfusate fractions were collected into ANesthesiA & ANAlgesiA an autoinjector (EAS-20; Eicom Co.). Samples (15 μL) were automatically injected and analyzed for noradrenaline concentration using high-performance liquid chromatography with electrochemical detection by an HTEC-500 analyzing system (Eicom Co.). The sample was separated on the column (2.0 mm × 200 mm, EICOMPAC CAX; Eicom Co.) using a mobile phase consisting of 0.1 M ammonium acetate buffer (pH 6.0) and methanol (7:3 v/v) containing 0.05 M sodium sulfonate and 50 mg/l EDTA-2Na.
Statistical Analysis
We performed a power analysis for our primary outcome (mechanical withdrawal threshold in NSIA) to determine the appropriate sample size, with the assumptions of mean difference in withdrawal threshold of 50 g and SD in each group of 30 g according to a previous study. 5 We found that 6 rats in each group would result in detection of significant differences, with 80% power at a significant level of α = 0.05. The effects of the capsaicin injection or the drug treatments on withdrawal thresholds in the behavioral studies and on the spinal cord noradrenaline level in the microdialysis studies were analyzed using 2-way repeated-measures analysis of variance (ANOVA), followed by Student t test with Bonferroni correction. The residuals of each of the 8 ANOVA models followed normal distributions (for all 8 models: P > 0.207 by Shapiro-Wilk test) and maintained equality of variance (for all 8 models: P > 0.082 by Levene test). The data were presented as the mean ± SD. P value <0.01 was considered statistically significant. The statistical analysis was conducted using SigmaPlot 12 (Systat Software Inc, San Jose, CA).
RESULTS

NSIA in Normal Rats
Subcutaneous injection of capsaicin into the left forepaw resulted in an increased withdrawal threshold to mechanical pressure in the ipsilateral hind paw in noninjured rats, with a peak effect at 30 minutes after capsaicin injection and an effect duration of approximately 75 minutes ( Figure 2 ). Two-way repeated-measures ANOVA showed a significant difference between vehicle and capsaicin injection (F 1,30 = 252.8; P < 0.001).
NSIA in SNL Rats
Compared with noninjured rats, withdrawal thresholds to mechanical pressure in the left hind paw of SNL rats subcutaneously injected with capsaicin in the ipsilateral forepaw were significantly decreased at 1, 4, 5, and 6 weeks after right SNL (Figure 3 ; F 4, 84 = 64.772; P < 0.001 by 2-way repeatedmeasures ANOVA). NSIA at 5 and 6 weeks after SNL was significantly decreased compared with that at other time points (P < 0.001 by Student t test with Bonferroni correction).
Spinal Noradrenaline Release in Noninjured Rats and in Rats 6 Weeks After SNL Surgery
The concentration of noradrenaline measured by microdialysis was increased significantly in noninjured rats subcutaneously injected with capsaicin compared with those injected with vehicle (F 2, 60 = 12.302; P = 0.002 by 2-way repeated-measures ANOVA); however, the concentration of noradrenaline was not increased by subcutaneous injection of capsaicin in rats 6 weeks after SNL surgery (Figure 4 ).
Effect of Amitriptyline and Pregabalin in SNL-Induced Hyperalgesia
To determine the effect of chronic treatment with amitriptyline or pregabalin on NSIA after SNL, the effects of 5 daily intraperitoneal injections of both drugs on hyperalgesia induced by SNL were evaluated. Withdrawal thresholds significantly decreased compared with the preoperative level in the ipsilateral hind paw (right) 5 weeks after SNL surgery. The 
Change in NSIA After Amitriptyline and Pregabalin Administration
After 5 daily injections of amitriptyline or pregabalin, the withdrawal threshold in the contralateral hind paw (left) was measured after subcutaneous injection of capsaicin in the forepaw at 6 weeks after SNL surgery. Compared with the pregabalin-and saline-treated groups, amitriptyline significantly elevated the withdrawal threshold of the left hind paw ( Figure 6 ; F 2,60 = 73.366; P < 0.001 by 2-way repeatedmeasures ANOVA). Thus, 5 daily injections of amitriptyline reversed the attenuation of NSIA by SNL.
Spinal Noradrenaline Release After Amitriptyline and Pregabalin Administration
The concentration of noradrenalin after forepaw capsaicin injection in the spinal cord was significantly increased by 5 daily injections of amitriptyline compared with the salinetreated group (Figure 7 , F 2, 60 = 9.468; P = 0.005 by 2-way repeated-measures ANOVA). In contrast, the concentration of noradrenaline after forepaw capsaicin injection in the spinal cord did not increase after 5 daily injections of pregabalin compared with the saline-treated group. In all groups, ipsilateral paw withdrawal thresholds were decreased 5 weeks after SNL (day 0). Ipsilateral paw withdrawal thresholds were increased from day 1 after amitriptyline (10 mg/kg/d) injection and from day 2 after pregabalin (10 mg/kg/d) injection but did not increase after saline injection. Data are expressed as the mean ± SD for 6 rats in each group. *P < 0.001 compared with baseline (Student t test with Bonferroni correction after 2-way repeated-measures ANOVA). #P < 0.001 compared with day 0 (Student t test with Bonferroni correction after 2-way repeated-measures analysis of variance).
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DISCUSSION
In the present study, the strength of NSIA in rats dramatically decreased from 5 weeks after SNL surgery, and this decrease occurred concurrently with a decrease in spinal noradrenaline release. Although it is not clear that the doses of drugs that we used are clinically relevant, 5 daily injections of amitriptyline and pregabalin (10 mg/kg/d) from 5 weeks after SNL effectively decreased hyperalgesia after SNL. The decrease in NSIA and noradrenaline levels, however, was reversed only by amitriptyline and not by pregabalin.
Peripheral and central mechanisms are involved in endogenous analgesia. 7, 21, 22 Previous studies have suggested that primary afferent nociceptive input is necessary for induction of NSIA 6 and that NSIA is mediated by circuits in the nucleus accumbens, 6, 23, 24 the periaqueductal gray-rostral ventromedial medulla system, 25 and the spinal cord. [26] [27] [28] Glutamate receptors 26, 28 and inhibitory receptors such as γ-aminobutyric acid (GABA) type A, GABA type B, μ-opioid receptors 27 are known to be involved in the mechanism of NSIA. A recent study also suggested that the noradrenergic system plays an important role in NSIA, as NSIA was partially blocked by intrathecal injection of an α2-adrenergic receptor antagonist and by ablation of descending noradrenergic innervation of the spinal cord. 5 A previous study demonstrated plastic changes in descending noradrenergic neurons after nerve injury, where the density of the descending noradrenergic fibers and noradrenaline content in the ipsilateral lumbar spinal cord were increased 10 days after SNL in rats. 10 Another report indicated a loss of noradrenergic fibers in the ipsilateral lumbar spinal cord 19 to 21 days after tibial nerve transection in rats. 11 Although the animal models were different, these results suggest that the tone of the descending noradrenergic system dynamically changes over time after nerve injury.
In the present study, we therefore examined the changes in NSIA and noradrenaline release in the spinal cord after forepaw capsaicin injection in rats with SNL. We demonstrated that NSIA was strongly decreased in rats at 5 and 6 weeks compared with 4 weeks after SNL. In addition, spinal noradrenaline levels in response to forepaw capsaicin injection were not increased in rats at 6 weeks after SNL compared with normal rats. These results suggest that the attenuation of NSIA resulted at least partly from plastic changes in descending noradrenergic neurons of the locus coeruleus (LC).
Amitriptyline and pregabalin have been shown to be effective analgesics in patients with neuropathic pain, 13 and both drugs may activate or enhance the descending noradrenergic inhibitory system. 15, 17 We suspected that the effect of these drugs against neuropathic pain might at least partly be mediated through enhanced NSIA. In the present study, 5 daily injections of amitriptyline (10 mg/kg/d) and pregabalin (10 mg/kg/d) initiated 5 weeks after SNL increased the withdrawal threshold in the ipsilateral hindpaw, indicating that both drugs were effective for SNL-induced hyperalgesia. At 6 weeks after SNL, however, the effects of the 2 drugs on NSIA were different, as amitriptyline but not pregabalin reversed the attenuation of NSIA by SNL surgery. Microdialysis studies also demonstrated that 5 daily injections of amitriptyline, but not pregabalin, increased the noradrenaline level in the spinal cord after forepaw capsaicin injection. These results suggest that amitriptyline, but not pregabalin, reversed the dysfunction of the descending noradrenergic inhibitory system after SNL.
Amitriptyline may act not only as a 5-hydroxytryptamine and noradrenaline reuptake inhibitor but also as a blocker of voltage-gated sodium channels and . Noradrenaline increase in the rat lumbar spinal cord in response to forepaw capsaicin (cap) injection after 5 daily injections of amitriptyline, pregabalin, or saline initiated 5 weeks after SNL. After 5 daily injections of amitriptyline (10 mg/kg/d) but not pregabalin (10 mg/kg/d), the level of noradrenaline after capsaicin injection was significantly increased compared with that in the saline-treated group. The baseline noradrenaline concentrations were 0.51 ± 0.1 pg/15 μL in amitriptyline-treated rats, 0.51 ± 0.1 pg/15 μL in pregabalin-treated rats, and 0.53 ± 0.26 pg/15 μL in saline-treated rats, respectively. Data are expressed as the mean ± SD for 6 rats in each group. *P < 0.01 compared with salinetreated rats at each time point, $P < 0.01 compared with salinetreated rats (Student t test with Bonferroni correction after 2-way repeated-measures analysis of variance).
N-methyl-d-aspartate receptors. 29 Specifically with regard to noradrenaline, a microdialysis study showed that amitriptyline strongly increased the noradrenaline level in the spinal cord. 17 Pregabalin has been shown to modulate the release of several neurotransmitters by selectively binding to the α2δ subunit of voltage-dependent calcium channels to reduce the influx of Ca 2+ ions. 30, 31 Pregabalin and another α2δ ligand, gabapentin, are thought to activate noradrenergic neurons by reducing presynaptic GABAergic activity in the LC, thereby increasing noradrenaline release, which subsequently inhibits pain transmission via spinal α 2 -adrenoreceptors. 15 Gabapentin has also been shown to increase the noradrenaline level in the rat spinal cord after systemic injection, as measured by microdialysis. 16 Given that both amitriptyline and pregabalin activate descending noradrenergic system, the reason for the discrepancy between amitriptyline and pregabalin with regard to NSIA in the present study is not clear.
One possible mechanism for the effect of amitriptyline in the present study is the modulation of noradrenergic regulation of the LC; amitriptyline is a strong noradrenaline reuptake inhibitor 17 and may thus increase the noradrenaline level in the LC, whose activation is mediated by α1, β2, and β3 adrenergic receptors. 32 In contrast, activation of the LC is inhibited by α2A adrenergic receptors, 33, 34 and thus inhibition or blockade of α2A adrenergic receptors would be expected to increase synaptic levels of noradrenaline. A recent study demonstrated that tricyclic antidepressants including amitriptyline downregulate α2A adrenergic receptors 35 ; therefore, in the present study, the 5 daily injections of amitriptyline might have activated the LC through decreased α2A adrenergic signaling.
Another possible mechanism is the induction of glutamatergic neurotransmission in the LC by amitriptyline. A previous study demonstrated that nerve injury increases the basal extracellular glutamate concentration in the LC, 8 which may reduce noxious stimulation-evoked glutamate release, thereby diminishing α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated LC activation, which is important for induction of NSIA. Another study demonstrated that amitriptyline increased brain-derived neurotrophic factor levels in astrocyte cultures. 36 Brain-derived neurotrophic factor triggers AMPA receptor GluA1 phosphorylation and regulates trafficking of the AMPA receptor. 37 Therefore, amitriptyline may enhance glutamatergic neurotransmission by increasing AMPA receptor levels at the membrane surface in neurons of the LC. In the present study, we did not investigate the function of the LC in response to capsaicin injection; further studies are needed to investigate the differences among drugs in the context of their effect on NSIA.
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